The broad nature of insulin resistant glucose metabolism in skeletal muscle of patients with type 2 diabetes suggests a defect in the proximal part of the insulin signaling network. We sought to identify the pathways compromised in insulin resistance and to test the effect of moderate exercise on whole-body and cellular insulin action. We conducted euglycemic clamps and muscle biopsies on type 2 diabetic patients, obese nondiabetics and lean controls, with and without a single bout of exercise. Insulin stimulation of the phosphatidylinositol 3-kinase (PI 3-kinase) pathway, as measured by phosphorylation of the insulin receptor and IRS-1 and by IRS protein association with p85 and with PI 3-kinase, was dramatically reduced in obese nondiabetics and virtually absent in type 2 diabetic patients. Insulin stimulation of the MAP kinase pathway was normal in obese and diabetic subjects. Insulin stimulation of glucose-disposal correlated with association of p85 with IRS-1. Exercise 24 hours before the euglycemic clamp increased phosphorylation of insulin receptor and IRS-1 in obese and diabetic subjects but did not increase glucose uptake or PI 3-kinase association with IRS-1 upon insulin stimulation. Thus, insulin resistance differentially affects the PI 3-kinase and MAP kinase signaling pathways, and insulinstimulated IRS-1-association with PI 3-kinase defines a key step in insulin resistance.
Introduction
Insulin resistance characterizes skeletal muscle of patients with type 2 diabetes mellitus and obesity and affects all the metabolic actions of insulin, including glucose transport, hexokinase activity and gene expression, glycogen synthesis, and glucose oxidation (1) (2) (3) (4) (5) . Because insulin resistance globally affects glucose metabolism, it can be reasoned that a proximal defect, such as in insulin receptor signaling, causes these metabolic abnormalities in muscle. Knowledge of the details of insulin receptor signaling has grown dramatically in recent years. Once insulin binds to its receptor and activates the tyrosine kinase activity of the insulin receptor β subunit, insulin signaling pathways diverge. One pathway proceeds through the insulin receptor substrates IRS-1 and IRS-2 and depends on activation of the enzyme phosphatidylinositol 3-kinase (PI 3 kinase). Another pathway proceeds through Grb2/Sos and ras, leading to activation of the MAP kinase isoforms ERK1 and ERK2. Insulin produces most of its metabolic actions through the PI 3-kinase pathway (6) (7) (8) . In contrast, inhibition of ERK activation does not reduce insulin-stimulated glucose transport or glycogen synthesis (9) .
Details of insulin receptor signaling have been revealed by the use of a variety of in vitro techniques. However, several studies also have examined how insulin resistance alters insulin receptor signaling in vivo in human muscle. Using glucose clamps and muscle biopsies or other techniques, investigators have described abnormalities in insulin-stimulated insulin receptor signaling in muscle from insulin-resistant patients (10) (11) (12) (13) (14) . In many of these studies, the use of supraphysiological insulin concentrations clouds the interpretation of the results. Moreover, no study to date has reported results concerning the effect of insulin on the MAP kinase pathway in human muscle in vivo, so it is unclear whether insulin resistance also affects the MAP kinase pathway.
Muscle contraction and insulin produce many of the same effects on glucose metabolism. For example, mus-
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cle contraction induces GLUT4 translocation to the cell membrane, activates glycogen synthase, and induces hexokinase II gene expression, independently of insulin (15) (16) (17) (18) (19) . Chronic exercise training also improves insulin sensitivity (20) (21) (22) (23) . Despite these close similarities in their effects on glucose metabolism, muscle contraction and insulin use different signaling pathways. Muscle contraction itself does not increase the magnitude of any insulin signaling events in the PI 3-kinase pathway (16, (24) (25) (26) (27) . However, the fact remains that even a single bout of vigorous exercise can enhance insulin action (28, 29) . It remains unknown, however, whether a single session of moderate exercise can enhance subsequent insulin stimulation of insulin receptor signaling in humans, at a time when the acute effects of exercise on blood flow or other factors has subsided.
The present study was performed to determine first, whether insulin resistance equally affects the PI 3kinase and MAP kinase pathways, and second, how a single bout of moderate exercise alters whole-body and cellular insulin action in type 2 diabetes. The euglycemic clamp technique was combined with muscle biopsies for these purposes. The results show that in obese and type 2 diabetic patients, insulin resistance is present at the level of association of IRS proteins with the regulatory subunit of PI 3-kinase, but does not involve the MAP kinase signaling pathway. A single bout of moderate exercise improves the response of early elements in insulin receptor signaling, but does not affect the abnormality in association of PI 3-kinase with IRS-1 or insulin-stimulated glucose disposal in type 2 diabetes. Therefore, decreased association of PI 3-kinase with IRS-1 is a key defect in insulin resistance in skeletal muscle in type 2 diabetes.
Methods

Subjects.
A total of 27 volunteers (8 lean control subjects, 9 obese nondiabetics, and 10 patients with type 2 diabetes) participated. Their clinical characteristics are shown in Table 1 . Normal glucose tolerance was confirmed in obese and control subjects by a 75-g oral glucose tolerance test using American Diabetes Association criteria. The diabetic patients were being treated with diet (n = 2) or oral hypoglycemic agents (n = 8). Oral agents were discontinued 48 hours before the study. No diabetic subject was receiving insulin. Other than diabetes, none of the subjects had any significant medical problems, and none were taking any medications that are known to affect glucose metabolism. Subjects were instructed to maintain their usual diet for at least 3 days and not to engage in vigorous exercise for at least 2 days before study. The purpose, nature, and potential risks of the Representative immunoblots. Top panel: Effect of insulin infusion in lean, obese nondiabetic, and type 2 diabetic subjects on insulin receptor (a) and IRS-1 (b) tyrosine phosphorylation, and the association of p85 with IRS-1 (c). Phosphotyrosine content of specific proteins was determined by immunoprecipitation with insulin receptor or IRS-1 antibodies followed by immunoblot analysis with antiphosphotyrosine antibodies. The association of p85 with IRS-1 was determined by immunoblot analysis of anti-IRS-1 immunoprecipitates. Bottom panel: Effect of insulin infusion in lean, obese nondiabetic, and type 2 diabetic subjects on PI 3-kinase activity associated with IRS-1 (d) or p110 (e). PI 3-kinase activity was determined as described in the text in anti-IRS-1 immunoprecipitates; effect of insulin infusion on phosphorylation of ERK, determined by immunoblot analysis with an antiphosphoERK antibody (f). pTyr, phosphotyrosine. study were explained to all subjects, and written consent was obtained before their participation. The protocol was approved by the Institutional Review Board of the University of Texas Health Science Center at San Antonio.
Study design. All studies were conducted in the General Clinical Research Center of the University of Texas, Health Science Center at San Antonio and began at 0730 hours after a 10-hour overnight fast. An antecubital vein was cannulated for infusion of insulin and glucose, and a hand vein was cannulated retrogradely and placed in a heated box (60°C) for sampling of arterialized blood. A primed (25 µCi), continuous infusion of 3-[ 3 H]-glucose (0.25 µCi/min) was started, and 2 hours (3 hours for diabetics) was allowed for isotopic equilibration. The priming dose of tritiated glucose was increased in the diabetics in proportion to the increase in their fasting plasma glucose concentration. After a 60-minute rest, a percutaneous biopsy of the vastus lateralis muscle was obtained (5) . Muscle biopsy specimens (75-200 mg) were immediately blotted free of blood, frozen, and stored in liquid nitrogen until use. After 60 minutes, a primed, continuous infusion of insulin was started at a rate of 40 mU/m 2 per minute, and plasma glucose was measured with a glucose analyzer (Beckman Instruments, Fullerton, California, USA) at 5-minute intervals throughout the euglycemic clamp. A variable infusion of 20% glucose was used to maintain euglycemia. The plasma glucose concentration in the diabetics was allowed to decrease during the insulin infusion to 5 mM, at which level it was maintained. Thirty minutes after the start of the insulin infusion, a second muscle biopsy was obtained from a site 4 cm distal to the first. The insulin infusion was continued for a total of 120 minutes to obtain an estimate of the rate of glucose disposal (90-to 120-minute period). Glucose-specific activity was determined using barium hydroxide/zinc sulfate extracts of plasma, and glucose disposal rates were calculated using steady-state equations (30) . Plasma insulin concentration was determined by radioimmunoassays.
Seven of the 9 obese nondiabetics and all 10 diabetics underwent a second glucose clamp experiment with muscle biopsies 24 hours after 1 hour of cycle ergometer exercise at 65% of their VO2max. VO2max was determined on a separate day using an electrically braked cycle ergometer and a Sensormedics Metabolic Measurement System (Sensormedics, Savi Park, California, USA).
Immunoprecipitation and immunoblotting. Frozen muscle specimens were homogenized as described else-where (27) . Protein concentration was determined by the Lowry method (31) .
Insulin receptor, IRS-1, IRS-2. Two hundred fifty micrograms of soluble protein were used for immunoprecipitation to determine the content of insulin receptor β subunit, tyrosine-phosphorylation of proteins, and p85 association with IRS-1. Seven hundred fifty micrograms of protein were used for IRS-2.
Immunoprecipitation and immunoblotting were performed as described (27) . Protein bands on autoradiographs were scanned and quantified with Image Tool software (The University of Texas Health Science Center at San Antonio, Texas, USA). Data were expressed as arbitrary units compared with an aliquot of positive controls. Values for tyrosine phosphorylated molecules were normalized to the content of specific proteins.
ERK phosphorylation. Muscle protein (250 µg) was solubilized in SDS sample buffer, boiled for 5 minutes, loaded onto a 10% SDS-polyacrylamide gel, subjected to electrophoresis, and transferred to nitrocellulose membranes. The membranes were incubated at 4°C overnight with rabbit polyclonal phosphospecific ERK1/2 antibody. After washing, the membranes were incubated with secondary antibody (goat-anti-rabbit coupled to horseradish peroxidase) and incubated for 1 hour at room temperature. The membranes were then washed and developed using an enhanced chemiluminescence (ECL) detection system (Amersham Life Sciences, Inc., Arlington Heights, Illinois, USA). The digitized autoradiographs were quantified using Image Tool software. Values were normalized to controls included on each gel. PI 3-kinase activity. Polyclonal anti-IRS-1 antibody and protein A-Sepharose beads were used for immunoprecipitation of IRS-1-associated PI 3-kinase (250 µg protein). Polyclonal anti-p110-α and anti-p110-β antibodies were combined and used for total PI 3-kinase activity determination by immunoprecipitation. Immunoprecipitated PI 3-kinase activity was measured by in vitro phosphorylation of phosphatidylinositol as described elsewhere (27, 32) . The PI-3 product was identified by its comigration with a PI-4 standard and sensitivity to wortmannin. PI 3-kinase activity was calculated as a value relative to PI 3-kinase activity in a positive control.
ERK2 activity. ERK2 activity was assayed as described elsewhere (33) . An aliquot of human muscle protein (250 µg) was incubated with 10 µL of anti-murine ERK-2 polyclonal antibody at 4°C overnight and subsequently adsorbed to 80 µL of a 50% slurry of protein Aagarose beads for 2 hours. The immune complexes were washed, and immunoprecipitates were suspended in a reaction buffer containing 20 µM ATP, 10 µCi/sample of [γ-32 P] ATP (6,000 Ci/mmol), and 0.25 mg/mL myelin basic protein. The suspension was incubated with agitation at 30°C for 45 minutes. The reaction was terminated by transferring 25-µL aliquots onto P-81 phosphocellulose paper discs and washed in 0.75% H3PO4. The discs were washed once with acetone and air-dried, and the 32 P incorporated into myelin basic protein was measured by liquid scintillation counting. Specific kinase activity was determined by subtracting the radioactivity in the absence of substrate from that in the presence of substrate. Western blotting was performed on a portion of the immunoprecipitates, and the radioactivity was normalized for ERK-2 content. MEK1 activity. MEK1 activity was assayed as described previously (34) . Muscle protein (250 µg) was incubated with 1.25 µg/tube of anti-MEK1 mAb at 4°C for 3 hours followed by incubation with 50 µL of protein Gagarose beads for an additional 2 hours. Immunoprecipitates were washed, and the immune complexes were resuspended in MEK1 kinase buffer containing 50 µM ATP, 10 µCi/sample of [γ-32 P]ATP (6,000 cpm/pmol), and a recombinant kinase-inactive mouse GST-MAPK (1.4 µg/tube,) as substrate. The suspension was incubated with agitation for 30 minutes at 30°C, and the reaction was stopped by adding 40 µL of SDS sample buffer. Products were boiled for 5 minutes and resolved on 10% SDS-PAGE. The gel was dried, and phosphorylated GST-ERK2 bands (62 kDa) were quantified using a PhosphorImager and ImageQuant Software (Molecular Dynamics, Inc., California, USA).
Glycogen synthase activity. Glycogen synthase (GS) activity was assayed as described (5) . Activity was determined in the presence of 0.1 (GS0.1) and 10 (GS10) mM glucose 6-phosphate (G6P). GS fractional velocity (GSFV) is the ratio GS0.1/GS10.
Materials. Polyclonal anti-insulin receptor β subunit, anti-IRS-1, anti-p85, anti-p110-alpha, anti-p110-β, anti-ERK2, and monoclonal antiphosphotyrosine (4G10) antibodies, and GST-MAP kinase were purchased from Upstate Biotechnology (Lake Placid, New York, USA). The polyclonal anti-IRS-2 (JD250) antibody was used as described previously (35 
Results
Metabolic characteristics and insulin stimulation of glucose disposal. Metabolic data and PI 3-kinase signaling data from 5 of the 8 control subjects has been reported (27) . Euglycemic clamp experiments were performed to assess the effects of insulin on glucose metabolism (Tables 1 and 2) . Plasma insulin concentrations were 7 ± 1, 13 ± 1, and 18 ± 1 µU/mL basally and 69 ± 5, 96 ± 5, and 92 ± 7 µU/mL during the euglycemic clamp in lean, obese, and diabetic subjects. Insulin increased glucose disposal in lean control and obese nondiabetic subjects (P < 0.05), but had no effect in the diabetics. Basal hepatic glucose production (HGP) was increased in the diabetics (P < 0.05). Insulin suppressed HGP completely in the lean control subjects, but only by about 75% in the obese nondiabetics and diabetics. The ability of a bout of moderate exercise (65% of VO2max) to influence subsequent insulin stimulation of insulin receptor signaling 24 hours later was studied in 7 of 9 obese nondiabetic controls and all 10 type 2 diabetics. The obese nondiabetics and type 2 diabetics who participated in the exercise studies had a VO2max of 24.1 ± 2.7 mL/kg per minute (2.16 ± 0.30 L/min) and 21.9 ± 1.5 mL/kg per minute (1.79 ± 0.13 L/min), respectively (P = . Exercise significantly (P < 0.05) decreased basal HGP in the type 2 diabetics; fasting plasma glucose concentrations were 152 ± 16 and 144 ± 15 mg/dL, respectively (P = NS). Exercise improved insulin-stimulated glucose disposal in the obese nondiabetics, but had no effect on glucose disposal in the diabetics. Glycogen synthase activity. Insulin infusion significantly increased GS0.1, but not GS10, activity in lean control subjects to a value 152 ± 13 % of basal values (Table 3 ). Insulin infusion also increased GS0.1 activity in obese nondiabetics to a lesser degree than in lean controls. This difference was not statistically significant. Basal GS0.1 activity and insulin stimulation of glycogen synthase activity were reduced significantly in the diabetics. Exercise increased GS0.1 basally and after insulin infusion in the obese controls and diabetics.
Time course of insulin stimulation of insulin receptor and IRS-1 tyrosine phosphorylation. In 2 subjects, muscle biopsies were performed before and after 15 and 30 minutes of infusion of insulin at a rate of 40 mU/(m 2 /min). Insulin stimulated both insulin receptor and IRS-1 tyrosine phosphorylation by 15 minutes, and this level of phosphorylation was sustained for at least 30 minutes.
Insulin receptor and IRS-1 tyrosine phosphorylation: effect of obesity, diabetes, and exercise. The ability of insulin to increase tyrosine phosphorylation of the insulin receptor was assayed by immunoprecipitation of insulin receptors followed by immunoblot analysis with an antiphosphotyrosine antibody. Data are given in Table 4 , and representative immunoblots are shown in Figure 1 . The modest (about 50%), but significant (P < 0.05), increase in phosphotyrosine content of the receptor β subunit in lean control subjects after insulin stimulation reflects the physiological nature of the insulin stimulation. In contrast, hyperinsulinemia did not increase tyrosine phosphorylation of the insulin receptor β subunit in either obese nondiabetic or type 2 diabetic patients. Tyrosine phosphorylation of IRS-1 was increased after insulin stimulation by 2-fold in lean control subjects (P < 0.05), but there was no effect in the diabetics (Table 4 ). In contrast to the results with the insulin receptor, insulin increased IRS-1 tyrosine phosphorylation significantly in obese nondiabetics (P < 0.05). Prior exercise significantly increased insulin-stimulated insulin receptor tyrosine phosphorylation in both groups (161 ± 18 and 134 ± 21% of basal values for obese and diabetic subjects; P < 0.05 for both). Neither group was restored fully to normal values, however ( Figure 2) . Exercise significantly reduced basal insulin receptor tyrosine phosphorylation, compared with pre-exercise values, in the diabetics (Figure 2 ; P < 0.05). Exercise also significantly improved the response of IRS-1 tyrosine phosphorylation to insulin in the diabetic group (P < 0.05), but this was still significantly less than that of lean control subjects who were studied without exercise (P < 0.05). Similar to insulin receptor phosphorylation, this was due primarily to decreased basal tyrosine phosphorylation. Insulin did not affect insulin receptor or IRS-1 protein. Insulin receptor protein was 2.42 ± 0.32, 2.70 ± 0.30, and 2.82 ± 0.26 arbitrary units, and IRS-1 protein was 0.97 ± 0.07, 0.95 ± 0.12, and 1.04 ± 0.07 arbitrary units in lean, obese, and diabetic subjects, respectively.
Association of p85 and PI 3-kinase activity with IRS-1. The association of the p85 regulatory subunit of PI 3-kinase with IRS-1 was determined by quantifying p85 protein in IRS-1 immunoprecipitates ( Figure 1 and Table 4 ). Insulin stimulated the association of p85 with IRS-1 by 62 ± 12%, and this was similar in lean control and obese nondiabetics. Insulin did not increase the association of p85 with IRS-1 in the diabetics. The pattern of insulin stimulation of PI 3-kinase activity associated with IRS-1 paralleled p85 binding to IRS-1. Insulin stimulated the association of PI 3-kinase activity with IRS-1 in lean control (2.13 ± 0.42 fold; P < 0.01) and obese nondiabetic (1.68 ± 0.20 fold; P < 0.05) subjects but did not significantly increase the association of PI 3-kinase activity with IRS-1 in muscle from the type 2 diabetic patients. The activity of PI 3-kinase was also determined in p110 immunoprecipitates in order to gain an estimate of an overall effect of insulin on PI 3kinase activity. Insulin increased PI 3-kinase activity in p110 immunoprecipitates significantly in lean subjects (2.81 ± 0.70 fold; P < 0.05), but not in obese nondiabetics or diabetics (Table 4 ). During insulin stimulation, PI 3kinase activity was decreased in both the obese nondiabetics and type 2 diabetic patients compared with lean controls (P < 0.05). Exercise only modestly improved insulin-stimulated IRS-1-associated p85 in the obese nondiabetics (130 ± 15% of basal; P < 0.05; Figure 3 ) and not at all in the diabetics. Exercise did not improve insulinstimulated IRS-1-associated PI 3-kinase activity in either the obese or diabetic subjects (Figure 3 ).
IRS-2 has been proposed to function as a compensatory signaling protein for IRS-1. The association of the p85 regulatory subunit of PI 3-kinase with IRS-2 was determined by quantifying p85 protein in IRS-2 immunoprecipitates using immunoblot analysis in 5 lean control subjects and in 6 each of the obese and diabetic subjects. In lean controls, insulin increased the association of p85 with IRS-2 from a basal value of 0.124 ± 0.031 to 0.178 ± 0.029 (P < 0.05). In obese nondiabetics, insulin infusion increased the association of p85 with IRS-2 from 0.171 ± 0.036 to 0.243 ± 0.046 (P < 0.05). Insulin infusion did not increase the association of p85 with IRS-2 in diabetics (0.203 ± 0.040 basally versus 0.206 ± 0.032 after insulin).
MAP kinase pathway activity. MAP kinase pathway activity was assessed in 3 ways. Phosphorylation of ERK1 and ERK2 was assayed using immunoblot analysis with an antibody directed against the doubly phosphorylated ERKs. ERK activity was determined by the ability of ERK2 immunoprecipitates to phosphorylate myelin basic protein, and MEK1 activity was assayed by the ability of MEK1 immunoprecipitates to phosphorylate an inactive recombinant GST-ERK protein. The results are given in Table 5 , and representative immunoblots are shown in Figure 1 . In contrast to the defective insulin receptor signaling pathway through IRS-1 and PI 3kinase, insulin increased ERK phosphorylation, ERK activity, and MEK1 activity in insulin-resistant patients to the same extent as lean controls. There were no significant differences for ERK and MEK activities or ERK phosphorylation among the 3 groups. The effect of exercise on insulin stimulation of the MAP kinase pathway was different than that for the other signaling events. The responses of ERK phosphorylation, ERK activity, and MEK1 activity to insulin all were increased by exercise to values that exceeded the insulin-stimulated, but nonexercised, values in lean controls (Figure 4) . Insulin had no effect on ERK2 protein content, which was 1.58 ± 0.11, 1.51 ± 0.27, and 1.58 ± 0.25 arbitrary units in lean, obese, and diabetic subjects, respectively.
In vitro insulin receptor tyrosine kinase activity and Shc phosphorylation. The MAP kinase pathway was activated by insulin in the diabetics despite the lack of a detectable insulin-stimulated increase in insulin receptor phosphorylation. To determine the potential tyrosine kinase activity of the insulin receptor, muscle homogenates in a subgroup of the control and diabetic subjects were exposed to insulin (100 ng/mL) in the presence of [ 32 P]ATP. Insulin receptors were immunoprecipitated and resolved by SDS-PAGE, and 32 P content was quantified by PhosphorImage analysis. In lean controls (n = 6), insulin increased the incorporation of 32 P into insulin receptor protein from 1.39 ± 0.45 to 2.33 ± 0.95 arbitrary units (P < 0.05). In diabetics (n = 6), insulin increased incorporation of 32 P into insulin receptor protein from 1.26 ± 0.48 to 2.12 ± 0.50 arbitrary units (P < 0.05). To determine whether Shc is phosphorylated residues by insulin, muscle biopsy homogenates were immunoprecipitated with an anti-Shc antibody followed by immunoblot analysis with an antiphosphotyrosine antibody. Insulin increased Shc tyrosine phosphorylation from 9.05 ± 0.34 to 14.9 ± 0.61, from 10.1 ± 0.35 to 15.1 ± 0.40, and from 9.72 ± 0.47 to 15.8 ± 0.33 in lean con-
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The trols, obese nondiabetics, and diabetics, respectively (all arbitrary units, all P < 0.05, insulin versus basal).
Correlations. The associations between insulin stimulation of insulin signaling elements and glucose disposal were assessed by correlation analysis. Insulin-stimulated glucose disposal was positively correlated with the insulinstimulated increment in glycogen synthase activity (r = 0.457; P < 0.05), IRS-1 tyrosine phosphorylation (r = 0.436; P < 0.05), and association of p85 with IRS-1 (r = 0.424; P < 0.05). Multiple linear regression revealed that insulinstimulated glucose disposal was independently correlated with glycogen synthase activity and association of p85 with IRS-1 (r 2 = 0.43; P < 0.005). Insulin stimulation of IRS-1 tyrosine phosphorylation was correlated with association of p85 with IRS-1 (r = 0.806; P < 0.001) and with association of PI 3-kinase activity with IRS-1 (r = 0.582; P < 0.01). Activation of the MAP kinase pathway was not correlated with insulin stimulation of glucose disposal.
Discussion
Previous studies have shown that obese and type 2 diabetic patients have reduced insulin receptor tyrosine kinase activity and reduced intracellular signaling compared with lean control subjects (10) (11) (12) (13) (14) 26) . However, these studies have not dissected the impact of insulin resistance on the divergent pathways of insulin action. The present study was undertaken, in part, to determine whether insulin resistance affects both the PI 3-kinase and MAP kinase pathways of insulin receptor signaling similarly, as these appear to be linked to different downstream effects; that is, PI 3-kinase is coupled to most metabolic actions, whereas MAP kinase may be linked to cell growth and gene expression (6) (7) (8) (9) . Physiological hyperinsulinemia increased tyrosine phosphorylation of the insulin receptor and IRS-1 in lean controls to 150-200% of basal values. Obese nondiabetics had reduced insulin stimulation of these 2 early insulin receptor signaling events, and insulin had no significant effect on either insulin receptor or IRS-1 tyrosine phosphorylation in the type 2 diabetic patients. Furthermore, insulin activation of the association of p85 protein or PI 3-kinase activity was greatly reduced in obese and type 2 diabetic subjects compared with lean controls.
The lack of increase in tyrosine phosphorylation of the β subunit of the insulin receptor in the diabetics seems to represent a more profound abnormality than the moderate decrease in insulin receptor tyrosine kinase activity reported in other studies (10) . This may reflect the more physiological nature of the insulin stimulation in the present study or may be indirect evidence of increased activity of protein tyrosine phosphatases (36, 37) . To test whether insulin was able to stimulate the tyrosine kinase of the receptor β subunit, receptors were exposed to insulin and then immunoprecipitated while phosphatase activity was inhibited. Insulin increased receptor tyrosine kinase activity to A P < 0.05 versus basal. B P < 0.05 versus lean controls. C P < 0.05 versus no exercise values. Data are given as means ± SEM in units of ng/(min/mg muscle protein). the same extent in diabetics and in lean control subjects. This indicates that the insulin receptor in the diabetics retains, at least in vitro, responsiveness to insulin. The fact that obese nondiabetic subjects have some detectable insulin stimulation of IRS-1 tyrosine phosphorylation even though insulin receptor phosphorylation was not significantly increased supports the concept that receptor tyrosine kinase activity is not reduced to as great an extent as insulin receptor tyrosine phosphorylation. Regardless, the present data indicate that there is profound resistance to insulin's ability to activate the PI 3-kinase signaling pathway in obese and especially type 2 diabetic patients.
Recent studies suggest that an abnormality in IRS-1 function is not sufficient to produce insulin resistance that can lead to diabetes (38) but that an IRS-2 knockout mouse becomes hyperglycemic. In contrast, another study suggests that IRS-2 acts as a compensatory signaling protein for IRS-1 in adipocytes isolated from type 2 diabetics (39), in a similar way that it compensates for the loss of IRS-1 in the IRS-1 knockout mouse (35) . To address this issue in human muscle, IRS-2 protein and insulin stimulation of the association of p85 protein with IRS-2 were assayed. The results show that although IRS-2 expression was found to be normal in the diabetics, insulin did not stimulate the association of p85 with IRS-2. This defect is similar to the IRS-1 abnormality observed here, and suggests that type 2 diabetes is characterized by a combined defect in IRS-1 and IRS-2 function.
The profound insulin resistance of the PI 3-kinase signaling pathway contrasts markedly with the ability of insulin to stimulate MAP kinase pathway activity in insulin-resistant individuals. Hyperinsulinemia increased MEK1 activity and ERK1/2 phosphorylation and activity to the same extent in lean controls as in insulin-resistant obese nondiabetic and type 2 diabetic patients. That is, insulin resistance does not affect the MAP kinase signaling pathway in vivo in humans. This finding of selective insulin resistance is similar to that recently observed in vasculature of Zucker fatty rats (40) . Two possible reasons for this difference are alternate insulin signaling pathways and differential signal amplification. With regard to the former, the MAP kinase pathway can be activated either through Grb2/Sos interaction with IRS-1/2 or with Shc. Because IRS-1 tyrosine phosphorylation is dramatically reduced in the diabetics, it is possible that insulin activation of the MAP kinase pathway in vivo primarily occurs through Shc activation. Evidence from in vitro studies supports this concept (41) . Like ERK and MEK activity, insulin stimulated Shc phosphorylation to the same extent in lean, obese, and type 2 diabetic subjects. We propose that in diabetes, insulin induces sufficient activation of the insulin receptor tyrosine kinase to increase Shc phosphorylation normally. It is also possible that differential signal amplification in the PI 3-kinase and MAP kinase pathways can explain their differing susceptibilities to the effects of insulin resistance.
Maintenance of insulin stimulation of the MAP kinase pathway in the presence of insulin resistance in the PI 3-kinase pathway may be important in the development or maintenance of insulin resistance. ERKs can phosphorylate IRS-1 on serine residues (42), and serine phosphorylation of IRS-1 and the insulin receptor itself has been implicated in desensitizing insulin receptor signaling (43) . Continued ERK activity when IRS-1 function is already impaired could lead to a worsening of insulin resistance. Thus, the diabetic and obese subjects may have inappropriately high MAP kinase activity.
Another purpose of the present study was to gain evidence regarding which steps in insulin signaling have the greatest impact on insulin action. First, insulin stim- ulation of glycogen synthase activity was positively correlated with systemic glucose disposal. This has been interpreted to indicate that glucose stored as glycogen in skeletal muscle is a predominant pathway of insulinstimulated glucose disposal (1, 5) . Second, insulin stimulation of the association of the p85 regulatory subunit of PI 3-kinase with IRS-1 also was significantly correlated with insulin-stimulated glucose disposal, independent of the correlation of glycogen synthase activity with glucose disposal. Although insulin stimulation of IRS-1 tyrosine phosphorylation was correlated with both p85 and PI 3-kinase activity associated with IRS-1, only p85 association with IRS-1 was independently correlated with glucose disposal. These analyses provide evidence that decreased association of p85 with IRS-1 could be a key abnormality related to skeletal muscle insulin resistance.
This study was also undertaken to assess the effect of a single session of moderate intensity exercise on insulin action in the whole body and on a cellular level. Vigorous exercise increases insulin sensitivity (29) . However, in the present study, moderate exercise (about 65% of VO2max) was used because such exercise is more realistic in everyday life for the average diabetic patient. Patients were studied 24 hours after the exercise bout to remove any confounding acute effects of exercise such as increased muscle blood flow or other systemic effects. Despite the moderate nature of this exercise, there were significant effects on muscle. Glycogen synthase activity and MAP kinase pathway activity were increased, and insulin receptor and IRS-1 tyrosine phosphorylation in response to insulin were improved. Moreover, basal HGP was normalized in the diabetic patients. Therefore even 1 mild exercise session can have beneficial effects in type 2 diabetics. Despite this, in diabetic patients, exercise did not improve the ability of insulin to increase either the rate of glucose disposal or the association of PI 3-kinase with IRS-1. Given that the association of PI 3-kinase with IRS-1 is a key rate-limiting step in insulin action, it is not surprising that exercise also did not improve insulin's ability to stimulate glucose uptake. Exercise increases the activity of glycogen synthase as well as its sensitivity to activation by insulin (10, 44) . This was clearly the case in the present study, as exercise increased basal and insulinstimulated glycogen synthase activity to nearly normal levels in the type 2 diabetics. The fact that exercise did not increase insulin-stimulated glucose uptake provides clear evidence that normal insulin activation of skeletal muscle glycogen synthase is insufficient to increase insulin-stimulated glucose uptake. Therefore, even though it is possible to increase glucose uptake by overexpressing glycogen synthase in transgenic mice (45) , it seems that an increase in glycogen synthase activity alone is insufficient to increase glucose disposal in humans. This is consistent with studies using nuclear magnetic resonance spectroscopy (46) or mathematical modeling of glucose tracer kinetics (3) that have found either glucose transport or glucose phosphorylation to determine the rate of glucose uptake in humans.
Other studies, using more intense exercise in healthy human volunteers (47) or rodents (25) , or a single bout of moderate exercise in healthy humans (27) , also failed to find an effect of exercise on insulin receptor signaling. The present results with respect to PI 3-kinase activity are consistent with these studies, although the finding of increased insulin receptor and IRS-1 tyrosine phosphorylation in response to insulin differs from those earlier results. One major difference that could explain this is that profoundly insulin-resistant subjects were used in the current study, whereas earlier investigations used healthy subjects (47) . Regardless, the increases in insulin receptor and IRS-1 tyrosine phosphorylation that were observed here were not sufficient to increase insulin-stimulated glucose uptake. In contrast to the lack of effect of exercise on insulin signaling through the PI 3-kinase pathway, exercise increased the ability of insulin to stimulate ERK1/2 and MEK1 activity in the insulin-resistant patients. Because the role of the MAP kinase pathway in the various effects of insulin remains obscure, the significance of this effect of exercise is not clear. It is possible that the exercise-induced increase in MAP kinase activity is associated with a training response of skeletal muscle.
In summary, the present study shows that in insulinresistant subjects with obesity or type 2 diabetes, there is profound insulin resistance in the PI 3-kinase pathway of insulin receptor signaling, whereas the MAP kinase pathway is normal. Moreover, in type 2 diabetes, a single bout of moderate-intensity exercise improves insulin receptor and IRS-1 tyrosine phosphorylation but does not increase insulin stimulation of the association of PI 3-kinase with IRS-1; nor does it increase insulin-stimulated glucose uptake. The abnormality in association of
